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The chaperonin GroEL interacts with various
proteins, leading them to adopt their correct confor-
mations with the aid of GroES and ATP. The actual
mechanism is still being debated. In this study, by
use of cryo-electron microscopy, we determined
the solution structure of the Thermus thermophilus
GroEL-GroES complex encapsulating its substrate
proteins. We observed the averaged density of
substrate proteins in the center of the GroEL-GroES
cavity. The position of the averaged substrate
density in the cavity suggested a repulsive interac-
tion between a majority of the substrate proteins
and the interior wall of the cavity, which is suitable
for substrate release. In addition, we observed
a distortion of the cis-GroEL ring, especially at the
position near the substrate, which indicated that
the interaction between the encapsulated proteins
and the GroEL ring results in an adjustment in the
cavity’s shape to accommodate the substrate.
INTRODUCTION
The GroEL chaperonin is a protein that helps other proteins to
fold properly, and it works as an essential mediator for folding
in eubacteria, mitochondria, and chloroplasts (Bukau and Hor-
wich, 1998; Hartl and Hayer-Hartl, 2002). GroEL exerts its full
activity in the presence of the co-chaperonins GroES and ATP
and forms a large complex. GroEL consists of 14 identical
57-kDa subunits that form two heptameric rings stacked back-
to-back (Braig et al., 1994, 1995). Seven identical 10-kDa sub-
units of GroES form a dome-shaped structure on top of the GroEL
rings (Hunt et al., 1996). Each subunit of GroEL is composed
of three domains: an equatorial domain that contains an ATP/
ADP-binding site, an apical domain that binds nonnative proteins
and GroES, and an intermediate domain that connects the equa-
torial and apical domains. Although the two rings of GroEL are
identical, the binding of GroES, ATP, and the substrate proteinStructure 17, 287causes large conformational changes in one ring, and thus
they become asymmetric. The ring that binds the GroES is
referred to as the cis-ring, and the opposite ring is the trans-
ring. The conformational changes of the cis-ring, represented
as the downward pivot of the intermediate domain and the
upward movement of the apical domain, create a large, hydro-
philic cavity (cis-cavity) inside the complex (Xu et al., 1997). It
has been proposed that this ‘‘Anfinsen cage’’ encapsulates the
folding polypeptide, protecting it from the exterior solution, so
that it can be correctly folded into the native state without the
risk of aggregation (Ellis, 1996).
However, some recent studies have suggested that, in addi-
tion to the encapsulation, the GroEL-GroES complex is more
actively involved in the acceleration of peptide folding. The
folding of some proteins in the cis-cavity occurs at a faster rate
than spontaneous folding in bulk solution (Brinker et al., 2001).
It was proposed that the spatial confinement of the cage facili-
tates faster peptide folding (Baumketner et al., 2003). Using
a simple spherical cage mimicking the GroEL-GroES complex,
a molecular dynamics simulation proposed that the peptide re-
folding process progressed more rapidly in the repulsive cage
than in the bulk water (Fan and Mark, 2006). In addition to the
spatial confinement, the interior wall of the GroEL-GroES cage
may participate in some interactions with the substrate protein.
In fact, the stringent GroEL substrates share some structural
features: they are typically 30–50 kDa in size and are enriched
with complex a/b or a + b domain topologies, especially (b/a)8
TIM barrel domains (Kerner et al., 2005). However, the actual
interactions between the cage and the substrates are still poorly
understood. Visualizing the substrates inside the cage will reveal
how the complex interacts with a variety of substrate proteins
and, perhaps, yield critical insights into the basic rules of protein
folding by molecular chaperones.
GroEL and GroES from Escherichia coli have been especially
well studied, and the crystal structure of the chaperonin complex
was first solved using the E. coli protein (Xu et al., 1997). We have
solved the crystal structure of the native chaperonin complex
from Thermus thermophilus (Tth), which shares high sequence
homology (64% for GroEL and 71% for GroES) and structural
similarity with those from E. coli (Shimamura et al., 2003). Since
the Tth-chaperonin complex is extremely stable, we can analyze–293, February 13, 2009 ª2009 Elsevier Ltd All rights reserved 287
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GroES-ADP7-substrate protein complex). Interestingly, the cis-
ring of the Tth-complex revealed a partly distorted, asymmetrical
conformation (Shimamura et al., 2004), whereas the complex
from E. coli had perfect 7-fold symmetry (Xu et al., 1997). It
was proposed that this asymmetry was caused by the asym-
metric interaction between the apical domain and the substrate
protein, although we could not exclude the possibility that it
might have been artificially generated by the crystal packing.
Furthermore, the substrate was not visible in the electron density
map from the crystal.
The structures of GroEL and its complexes have also been
studied extensively by single particle analysis. Single particle
analysis using cryo-electron microscopy has the advantage
that it can solve the structure in any condition, without artifacts
from crystal packing. For example, the structure of the chapero-
nin complex with a substrate was solved using a single particle
method by cryo-electron microscopy (Chen et al., 1994). The
GroEL-protein substrate structure at 13 A˚ resolution revealed
the trans-ring interaction (Falke et al., 2005), and the GroEL
double ring structure at 6 A˚ suggested partial rearrangement or
flexibility, compared with the crystal structure (Ludtke et al.,
2004). In addition, the single ring GroEL-GroES complex with
an 86-kDa substrate revealed a strikingly expanded structure
and the encapsulated protein (Chen et al., 2006). However, the
encapsulated proteins in the native complex have not been
clearly observed.
We now report the medium-resolution solution structure of the
Tth-chaperonin complex, determined by cryo-electron micros-
copy and single particle analysis. Despite the lack of crystal
Figure 1. Typical Cryo-Images, Particle
Images, Class Averages, and Reprojections
(A) Cryo-image of the Tth-chaperonin complex,
after band-pass filtering. Scale bar is 200 A˚.
(B) Raw images chosen for the single particle
analysis.
(C) Class averages used for the 3D reconstruction.
The number of particles in each average is about
100. The CTF correction and Wiener filter proce-
dures were applied to each image during the aver-
aging.
(D) Reprojections from the 3D volume. Each image
has the same perspective angle as panel C.
packing, the asymmetry around the cis-
ring is maintained, as in the previous
crystal structure. In addition, the aver-
aged density of the substrate proteins
was observed inside the cage. A dis-
torted, weak density was also observed
in the trans-ring. However, we would like
to focus on the substrates in the cis-ring
here, because the substrate binding site
on the GroEL trans-ring has already
been described elsewhere (Elad et al.,
2007; Falke et al., 2005; Sun et al.,
2005). The position and the shape of the
density inside the cage could yield important clues about the
mechanism of protein folding by this chaperonin.
RESULTS
Overall Structure
We used the native chaperonin complex purified from T. thermo-
philus (Tth-chaperonin complex) for this study (Shimamura et al.,
2003). In the complex, we previously identified 24 of the
substrate proteins, which ranged from 10.3 kDa to 45.3 kDa in
size, although more substrate proteins were observed in the
SDS-PAGE from the crystals. Since the buffer used for the puri-
fication contained no nucleotide, to avoid the exchange of
GroES, most of the complexes purified from the native source
should be the GroEL-GroES-(ADP)7 protein complexes, and
this was confirmed by X-ray crystallography (Shimamura et al.,
2004). Since the presence of Triton X-100 in the buffer has
been shown to remove the polypeptide in the trans-ring, most
of the substrates should be in the cis-ring of the GroEL-GroES-
(ADP)7 protein complexes. We used cryo-electron microscopy
to determine the solution structure of the complexes by single
particle analysis.
We accumulated 28,188 particle images, from 336 pictures
taken with cryo-electron microscopes equipped with a liquid-
cooled helium stage, to perform the single particle analysis
(Figures 1A and 1B). The raw images of the sample contained
particles of the GroEL complex without the GroES cap, although
60%–90% of the particles were thought to be the GroEL-GroES-
(ADP)7 complexes, as judged from their shape. We selected
only the GroEL-GroES-(ADP)7 complexes when choosing the288 Structure 17, 287–293, February 13, 2009 ª2009 Elsevier Ltd All rights reserved
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GroES at the beginning of the calculation. Thus, almost all of
the particles used in the last stage of image analysis should be
the GroEL-GroES-(ADP)7 complexes. The 2D alignment and
classification processes were performed by the MRA and MSA
techniques. CTF amplitude correction was performed to reduce
the CTF correction artifact. We will discuss the possible CTF
correction artifact later. Typical class averages are shown in
Figure 1C. We started the 3D reconstruction without any known
references, and the atomic model solved by X-ray crystallog-
raphy was not used throughout the entire image processing
procedure. In the first stage of the reconstruction, we con-
structed the 3D structure by assuming 7-fold symmetry (C7)
and then refined the asymmetric (C1) structure by modifying
the symmetric structure, because the direct formation of the
C1 structure made it difficult to determine the projection angles.
The cycles of reconstruction were repeated until the 3D maps
became almost identical between the cycles, and the difference
in the class averages to the reprojections became very small as
a result (Figure 1C and 1D). The resolution of the 3D map, deter-
mined by Fourier shell correlation, is about 23 A˚ (see Figure S1
available online).
The reconstructed 3D map of the chaperonin-substrate
complexes has two notable features. First, the reconstructed
3D map has a bullet-shaped structure (Figures 2A–2C), and
a density corresponding to the substrate proteins is observed
inside the cis-cavity (Figure 2D and 2E). Even if it is the average
of many substrates, we can still discuss the location of the
substrates and their interactions with the chaperonin complex,
because the map seems to reflect the possible positions of the
substrates. Second, the asymmetric conformation of the cis-
Figure 2. The Overall Structure of the Tth-Chaperonin
Complex and a Comparison of the Experimental Map
with the Atomic Model from the Crystal Structure
(A) Side view of the surface representation of the Tth-chaper-
onin complex.
(B) Top view.
(C) Middle view of panels A and B.
(D) Surface of our map. The sky-blue mesh represents the
surface of the molecule (cut off by 2s threshold). Atomic model
constructed from the PDB file (1wf4), depicted by a stick
model. Each subunit has a different color. The coronal section
is displayed. The density of the substrate protein is indicated
by a white arrow.
(E) Axial section of the apical domains of the cis-ring. The
types of Tth-GroEL subunits are indicated as I and II.
(F) Axial section of the apical domains of the trans-ring.
(G and H) Positional relationship between the apical
domain and the substrate protein. The apical domain of a
Tth-GroEL (1wf4) subunit is represented by a ribbon model
(red, green, and yellow). The a helices are labeled with pink
characters.
ring was observed. Although the crystal structure
of the Tth-chaperonin complex showed some
deviation from the 7-fold symmetry, the 3D map
in this study was more similar to the crystal struc-
ture of the Tth-chaperonin complex than that of
the empty chaperonin complex from E. coli, which has 7-fold
symmetry.
Comparison of the Tth-GroEL-GroES-(ADP)7 Complex
with that from E. coli
To eliminate the possibility that the density observed in the cis-
cavity might be an artifact from the image processing, we calcu-
lated the 3D map of the GroEL-GroES-(ADP)7 complex from E.
coli without a substrate protein (empty-chaperonin complex),
using almost the same image processing protocols as those
used for the Tth-chaperonin complex, apart from the assumption
of 7-fold symmetry in the 3D reconstruction. There is no density
observed in the cis-cavity of the empty chaperonin complex
(Figure 3A), and there is a distinct difference between the two
2D class averages from T. thermophilus and E. coli (Figure 3B
and 3C). This result confirms the existence of the substrate within
the Tth-chaperonin complex (an additional result is shown in
Figure S2).
The density united in the center of the cis-cavity could be
interpreted as an average of the encapsulated substrates. It
was not observed in the high-resolution structure determined
by X-ray crystallography, because the various substrates
should have different conformations. On the other hand, the
cryo-EM structure, which emphasizes the low-resolution
data as compared with the X-ray structure, can show the
average density of the substrates when they occupy almost
the same position. Because the density is located at almost
the center of the cavity, it is likely that the same substrates
have different orientations in the cavity, and thus they could
not be observed in the high-resolution structure determined
by X-ray crystallography.Structure 17, 287–293, February 13, 2009 ª2009 Elsevier Ltd All rights reserved 289
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was equivalent to a 7.4-kDa mass if we estimated the average
protein density value to be 1.4 g/cm3. This size cannot be directly
related to the sizes of the substrates, but it should be pointed out
that the volume of the density in this study did not greatly deviate
from the size of the identified substrates (10.3–45.3 kDa). The
smaller volume of the substrate density is reasonable, because
higher temperature factors for the encapsulated substrates are
expected.
Comparison of the EM Density Map with the Atomic
Model Determined by X-Ray Crystallography
We compared the two structures, the EM density map from this
study and the known atomic model determined by X-ray crystal-
lography, by fitting them manually (Figures 2D–2F). The atomic
model could be positioned almost inside the density map, and
a distorted, weak density was observed near the possible
GroES-binding site on the trans-ring. Although most of the
substrates should be removed by Triton X-100, a minor portion
of substrates may still be bound to the trans-ring.
The density inside the cis-cavity showed clear separation from
every subunit. Although the loops extending from the protein
core could interact with the interior walls, this position of the
averaged density suggests the repulsive interaction between
a majority of the substrate proteins and the interior wall of the
cavity. It is possible that the density map inside the cis-cavity
was influenced by the CTF correction artifact, as seen in the
black ring observed just outside each of the 2D class-averages,
even though we performed the CTF amplitude correction.
However, the height of the peak inside the cis-cavity is almost
twice the depth of the black ring (Figure S3), so the influence
of the CTF artifact on the position of the density is limited.
Figure 3. Comparison of the Empty-Chaperonin Complex from
E. coli with the Tth-Chaperonin Complex
(A) Surface view of the inside of the cis-cavity of the empty-chaperonin
complex.
(B) 2D class averages of the empty-chaperonin complex. Top view (left) and
side view (right) are shown. The white arrow indicates the cis-cavity.
(C) 2D class averages of the Tth-chaperonin complex.290 Structure 17, 287–293, February 13, 2009 ª2009 Elsevier Ltd ARecently, a cross-linking experiment revealed that many resi-
dues scattered within the cavity are accessible to a nonnative
protein (Elad et al., 2007). Therefore, the contact region between
the substrates and the complexes disappeared by averaging.
In addition, the similar asymmetry observed around the cis-
ring in the crystal structure was also confirmed in the single-
particle structure. The conformations of the asymmetric GroEL
subunit in the crystal structure can be divided into two groups
(Shimamura et al., 2004): type I subunits, in which the apical
domain is more twisted into the cis-cavity, and type II subunits,
which resemble the GroEL subunits of E. coli. They are indicated
as types I and II in Figure 2E, and the difference between the two
types can also be distinguished in the EM density map. More-
over, the class averages from the pseudo-symmetric orienta-
tions clearly showed different distortions, which also indicate
the cis-asymmetry (Figure S4). The observed asymmetry of the
cis-ring could be introduced by the interaction between the
substrates and the interior wall of the cavity.
Rotational correlation analysis is an effective method to
confirm asymmetrical features (Danziger et al., 2003; Riven-
zon-Segal et al., 2005), and the results of the analysis are shown
in Figures S5 and S6, which indicate the asymmetrical structure
of the Tth-chaperonin complex. To confirm the similarity of the
asymmetric features observed around the cis-ring in the crystal
structure, we also calculated the 3D cross-correlation coefficient
between the experimental map and the map calculated from the
atomic model, while rotating the atomic model around an imita-
tive 7-fold axis (Figure 4). When we created the map from the
atomic model, the temperature factors of all of the atoms were
set to 800, with a resolution cut-off of 25 A˚, for comparison
with the EM map. There are three major peaks and four minor
peaks on the correlation of the cis-ring at the positions of the
7-fold symmetry peaks. The major peaks appear when at least
two type I subunits in the atomic model are in the predicted posi-
tions of type I in the map (Figure 2E). Actually, the predicted type I
subunits in the map are more twisted at the intermediate
domains, and the apical domains are shifted toward the center
of the cavity. The seven peaks in the correlation coefficients,
calculated using the trans-ring in the same way, were almost
the same height. As for the shape of the cavity, our structure
revealed a distorted triangle, as in the crystal structure, rather
than an equilateral heptagon. These results strongly suggest
that the cis-ring of the complexes with substrate adopts asym-
metric conformations in solution, as also found in the crystal
structure.
Finally, we examined the residues located near the substrate
density (Figures 2G and 2H). Loop 354–357 (355–358 in E. coli)
and loop 277–280 (278–281 in E. coli) are near the density, and
the acidic helices J, K, and L are closer to the density than the
hydrophobic helices H and I, which are used when the substrate
proteins initially contact GroEL (Fenton et al., 1994). This finding
is consistent with those of a previous study that used X-ray crys-
tallography (Xu et al., 1997). Helices H and I are hardly used after
the substrate protein is released into the cis-cavity and encapsu-
lated by GroES, although they are involved in the binding of the
substrates to GroEL. The acidic residues on the helices J, K, and
L could be used for the repulsive interaction with the substrates,
because most GroEL substrates have a negative net charge
(Kerner et al., 2005).ll rights reserved
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In the structure of the Tth-chaperonin complex, we clearly
observed the density of the substrate proteins. This density is
located in the center of the cis-cavity, near the lower side of
the apical domain, and is surrounded by acidic residues.
Because this is the average of many substrates, we cannot
discuss the details about their interactions with the chaperonin,
or whether the substrates are fixed or mobile. However, consid-
ering the result that the density is not scattered throughout the
cage, but is concentrated in the center of the cis-cavity, the
majority of the substrate proteins are restricted in a limited
space. Thus, the observed position of the substrates indicates
the electrostatic repulsion effects for most of the GroEL
substrates. This implies a charge interaction between the
substrate and the interior wall of the cage, and the acidic helices
J, K, and L of GroEL might be used for this charge interaction. In
addition, the repulsive interaction between the substrates and
the cis-ring could also contribute to the release of the substrates,
when the GroES detaches from the complex.
It is possible that we observed the substrates after folding, and
the density corresponding to the substrates thus indicates the
positions of the folded substrates. The charge interaction could
be enhanced after folding, because charged residues are usually
excluded from the protein core and are located on the surface.
However, some substrates remain unfolded after the exchange
of GroES (Weissman et al., 1994; Todd et al., 1994; Taguchi
and Yoshida, 1995), and we therefore believe that substantial
amounts of unfolded substrates are averaged in the 3D map. It
is tempting to speculate that the unfolded substrates in the
center of the cis-cavity rebind to the hydrophobic region of
Figure 4. The Cross-Correlation Coeffi-
cients Between the Experimental Map and
the Fc Map from the Atomic Model
The horizontal axis represents the rotational angle
of the atomic model (0 to 360) around the imita-
tive 7-fold axis. The blue line and the left vertical
axis represent the correlation coefficient between
the EM map and the Fc map calculated from the
cis-ring of the X-ray crystallographic structure.
The red line and the right vertical axis represent
the correlation coefficients between the EM map
and the Fc map calculated from the trans-ring of
the X-ray crystallographic structure. The three
major peaks are indicated by asterisks.
GroEL after the release of GroES and
are transferred to the cis-cavity again by
the binding of GroES to GroEL.
The asymmetry of the cis-ring, as also
observed in the crystal structure, was
indicated by several calculations. Fitting
the density map to the atomic model
revealed some similarity, and the cross-
correlation coefficients showed a pre-
ferred orientation of the fitting. However,
we cannot exclude the possibility that
this asymmetry of the cis-ring is an arti-
fact induced by image processing. Because the resolution of
the map is not high, there is a noise-bias problem in the recon-
struction. Our reconstruction method, which was designed not
to trap the C7 structure, may induce the asymmetric feature.
Nevertheless, the observed asymmetry might be caused by
a structural change of the GroEL-GroES complex to accommo-
date the shape of the encapsulated substrate, as in the single-
ring GroEL-GroES complex encapsulating an 86-kDa substrate,
observed by cryo-electron microscopy (Chen et al., 2006). In that
study, they also found the substrate density in the cavity and
a considerable expansion of the cavity, compared with that in
the X-ray structure.
The 23 A˚ resolution from the 28,188 cryo-images is not very
high. There are several possible reasons for the limited resolution.
First, because a mixture of different types of substrates was used,
the determined structure might represent the average of several
conformations, if the complexes adopt different conformations
according to the various substrates. According to a tryptophan
fluorescence analysis, 0.8 mol of substrate polypeptide was
bound to 1 mol of the Tth-GroEL/ES complex (Figure S7). Thus,
about 20% of the substrate-unbound form of the GroEL-GroES
complex might be averaged into this map, because it is difficult
to remove the unbound form during the image analysis. Second,
the particle images might be misaligned because of the small
deviation of the structure from the 7-fold symmetry. Particles
with different orientations could be mixed and averaged,
because of the limited signal-to-noise ratio of the raw images.
The use of a defocus pair to enhance the contrast of the original
images (Ludtke and Chiu, 2003) might improve the resolution
further in this case. A third point is the problem of CTF correction.
Although we performed the amplitude correction, the CTF effectStructure 17, 287–293, February 13, 2009 ª2009 Elsevier Ltd All rights reserved 291
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might limit the final resolution. Fourth, it is possible that a variety
of peptides bind to the trans-region. The presence of Triton X-100
in the buffer should remove the polypeptides in the trans-ring, as
we mentioned, but a distorted, weak density was observed in the
trans-ring. We could not distinguish it from the noise. If a peptide
binds to this region, then the ratio of the complexes that encapsu-
late the substrate would be less than we expected. In addition, it
would decrease the resolution, because it would also cause
heterogeneity.
The sequence, structure, and function of GroEL are well
conserved among many species. However, the structural
features specific to the Tth-GroEL, such as the lack of the intra-
subunit and intersubunit salt bridges, Asp155-Arg395 and
Arg197-Glu386, respectively, found in GroEL from E. coli, may
increase the flexibility of the apical domain and allow the forma-
tion of asymmetrical contacts that differ from those of other
chaperonins. Nevertheless, a recent cryo-EM structure of GroEL
complexed with a nonnative substrate also showed asymmetry
(Elad et al., 2007). These results suggest that the interaction
between the interior walls of the cis-ring and the substrate
proteins changes the conformation of the cis-ring and that this
interaction may assist the protein folding.
The previously proposed mechanism of folding inside the chap-
eronin complex is referred to as the ‘‘Anfinsen cage.’’ In this
model, the substrate protein is encapsulated within the hydro-
philic cavity, separated from the outerbulksolution, andprotected
from aggregation. Our structure, with the substrate almost in the
center of the cis-cavity, agrees well with this model. However,
this model cannot explain all of the functions of this molecule, as
we have described. A confinement model was proposed else-
where (Brinker et al., 2001; Baumketner et al., 2003). In this model,
the spatial confinement increases the entropic slope, and thus it
facilitates rapid and correct folding. The observed position of
the substrates in the center of the cis-cavity indicates a repulsive
interaction by charged residues between the interior walls and the
substrates. The interaction might cause the asymmetric confor-
mational change of the cis-ring. For a more detailed description
of protein folding, further experiments are needed, such as an
examination of the chaperonin complex, including the interme-
diate folding state of a specific protein.
EXPERIMENTAL PROCEDURES
Purification of Chaperonin
The native Tth-chaperonin complex was purified from intact T. thermophilus
HB8, as described elsewhere (Shimamura et al., 2003). Briefly, T. thermophilus
cells were lysed by sonication in 50 mM Tris-HCl (pH 8.0) and 5 mM MgCl2.
After centrifugation, the supernatant fraction was supplemented with Triton
X-100 to a final concentration of 3.0%. The supernatant was fractionated on
a DEAE Sephacel column, followed by a Superdex S-200 gel filtration column.
Fractions containing the chaperonin were concentrated using an ultrafiltration
filter (100 kDa cutoff filter, Vivaspin) and then were used for cryo-electron
microscopic analyses.
Data Collection by Cryo-Electron Microscopy
Quantifoil grids with a 1-mm hole size were used, and the grids were intensely
irradiated with electrons before use. Image data were collected by cryo-
electron microscopes equipped with field-emission guns (JEM-3100FFC
and JEM-Z2100). We set the direct magnification to 40,000 with a dose of
about 20 e-/A˚2 and the defocuses from 2 mm to 4 mm. Data were collected292 Structure 17, 287–293, February 13, 2009 ª2009 Elsevier Ltd Allon Kodak SO-163 film and were digitalized by a Zeiss SCAI scanner at 7
mm/pixel.
Single Particle Image Processing
At first, we picked particle images visually to compile the references and then
used an auto-pickup method (Ogura and Sato, 2001). We accumulated 46,369
particle images from 336 micrographs and then manually excluded 18,181
images, which were judged as either GroEL without the GroES cap
(Figure S8) or as having insufficient quality for the analysis because of drifting
or overlapping, and so on. This operation might not be perfect, but it should not
have a serious effect, because the images that were not the GroEL-GroES-
(ADP)7 complex are thought to be a minor population. We used 28,188 particle
images for the following procedures. All particle images were band-pass
filtered at a range from 16 A˚ to 130 A˚. The 2D alignment by Multi Reference
Alignment (MRA), the classification by Multivariate Statistical Analysis (MSA),
and the 3D Filtered Back Projection (FBP) were performed using the IMAGIC
program packages (van Heel et al., 1996). The parameters necessary for
CTF correction were determined by ctfit in the EMAN packages (Ludtke
et al., 1999). The power spectrum for CTF parameter fitting was calculated
from the carbon region in each micrograph. Before starting the alignment
and classification, we performed the phase flipping. After we determined the
alignment and classification parameters and projection angles for each
particle image, we performed the amplitude CTF correction, and then we re-
calculated the 3D map by applying predetermined parameters. CTF correction
was performed as part of the class averaging procedure, according to the
following equation:
Tðs; qÞ=
P
i˛I CTFiðsÞMiðs; qÞP
i˛I CTF
2
i ðsÞ+ r
;
where T (s, q) represents the CTF corrected class average, Mi (s, q) represents
each particle image, I represents each class set, and r is a parameter to avoid
division by a number close to zero. Here, we set it to 0.02. The CTF model we
adopted is as follows:
CTFðsÞ= 
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1  Q2
p
sinc+Qcosc; and
c=  2p

Csl
3s4
4
 DZls
2
2

;
where Cs and l are values dependent on the electron microscopy conditions,
and DZ and Q are estimated by each film from the power spectrum. A total of
347 class averages were used for 3D reconstruction, in which 16,690 particle
images were included (Figure S9).
The first 3D map was constructed by using a common-line method,
assuming 7-fold symmetry. For the C1 structure calculation, we performed
the following procedure, to keep the first structure with C7 symmetry from ex-
erting strong bias on the refined C1 structure. After determining the angles of
projections by using the first 3D map, the angle surrounding the pseudo-
symmetry axis (g-angle in IMAGIC) of each projection was changed to
±51.4, ±102.8, or ±154.2, and the 3D map was recalculated from those
changed projections. However, calculating all of the combinations of those
angles would take too much time, so we randomly selected some combina-
tions (at least 300), and only those were used for the reconstruction. Then,
the map that showed the highest score L, as described below, was used as
the reference for the next cycle:
L=
X
i
Cðfi ;giÞ;
where fi and gi are the projection and reprojection images, respectively, and
C (fi, gi) is the cross-correlation function. In total, 12 refinement cycles were
performed. As the cycle repeated, the score L became higher, the 3D recon-
struction error became lower, and the difference between the maps in cycles
was reduced.
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